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Abstract 
This study evaluated the response of previously culturally hypereutrophic Onondaga Lake, New York, to major 
reductions in phosphorus (P) loading from a municipal wastewater treatment plant achieved over a 35-year period. 
Analysis of the response was based on long-term monitoring of effluent total P concentration (TPMetro) and a robust 
array of in-lake metrics of trophic state, including (1) TP, (2) chlorophyll a (Chl-a), (3) Secchi disk depth, (4) areal hy-
polimnetic oxygen deficit (AHOD), (5) the downward flux of volatile suspended solids, and (6) the minimum dissolved 
oxygen concentration in the upper waters during fall turnover. Substantial positive responses, which were significantly 
linearly related to the decreases in TPMetro, were documented for all of the metrics over the monitoring period. For 
example, a 91% reduction in TPMetro resulted in reductions of 84% and 59% in Chl-a and AHOD, respectively. The 
changes depict a transformation from hypereutrophy to upper mesotrophy, with the exception of AHOD values that 
remain in the eutrophic range. The delayed response of AHOD reflects slower sediment diagenesis processes. The rela-
tionships among the metrics of trophic state are considered in the context of literature expressions, accepted paradigms, 
and limitations related to variations in food web effects. Empirical models that include the effects of multiple drivers on 
interannual variations in contemporary trophic state metrics were developed and applied to forecast variability under 
existing conditions. This case study contributes to the scientific literature describing lake rehabilitation through 
reductions in P loading. 
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Introduction
Reductions in nutrient loading to aquatic ecosystems are 
widely sought to ameliorate symptoms of cultural eutroph-
ication, including high levels of phytoplankton biomass, 
blooms of nuisance cyanobacteria, low transparency, and 
hypolimnetic dissolved oxygen (DO) depletion (Cooke et 
al. 2005). Nutrient load reduction is often described as a 
bottom-up management approach that depends on the 
benefits of reducing phytoplankton growth through 
decreasing the supply of growth-limiting nutrients. Efforts 
to rehabilitate culturally eutrophic lakes and reservoirs 
often focus on control of phosphorus (P) loading because 
P is the nutrient that commonly limits the growth of phy-
toplankton in these waterbodies (Hutchinson 1973, 
Schindler 1977). A dual control strategy for nitrogen (N) 
and P has recently been proposed for control of eutrophi-
cation in inland waters that may be N limited (Lewis et al. 
2011). Reductions in P loading from external sources may 
be achieved through diversion or advanced treatment of 
wastewater and control of nonpoint source inputs. 
Additional control measures, such as P inactivation, 
sediment oxidation, or hypolimnetic withdrawal, may be 
necessary in ecosystems where phytoplankton growth is 
supported by internal P loading from sediments (Nürnberg 
1984, 1987, Cooke et al. 2005). 
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Although scientific understanding of freshwater 
ecosystems has improved greatly in recent decades 
(Chapra 1997, Wetzel 2001), substantial uncertainty 
remains regarding the response of individual lakes to 
reductions in nutrient loading. A wide range of responses 
has been reported for lakes following major reductions in 
external phosphorus P loading (Sas 1989, Cooke et al. 
2005). Cooke et al. (2005) noted that, “The important 
question is usually not whether lakes or reservoirs will 
recover or improve following external load reduction, but 
when and to what extent?” Thus, each major rehabilita-
tion initiative represents an opportunity to advance our 
understanding of complex aquatic ecosystems, including 
the time course and character of response to reduced 
nutrient loading. Top-down effects caused by food web 
interactions can complicate interpretation of ecosystem 
responses (Edmondson and Litt 1982, Carpenter et al. 
1987). For example, coupled shifts in fish and 
zooplankton populations (Brooks and Dodson 1965) and 
the introduction of exotic filter-feeding bivalves (Effler 
and Siegfried 1998, Strayer et al. 1999, Caraco et al. 
2006) can confound common signatures of bottom-up 
control of primary production by decoupling phytoplank-
ton biomass and clarity from nutrient availability 
(Matthews et al. 2001). 
The metabolic feature targeted in bottom-up 
management programs for cultural eutrophication is 
primary production; however, direct measurements of 
primary production are demanding and not routinely 
included in lake monitoring programs (Wetzel and Likens 
2000, Yacobi et al. 2007). Instead, metrics of trophic state 
that represent manifestations of primary production are 
usually adopted as indicators of lake metabolism. Widely 
used indicators of trophic state include the concentrations 
of total P (TP) and chlorophyll a (Chl-a), Secchi disk 
transparency (SD), and the areal hypolimnetic oxygen 
deficit (AHOD). TP, Chl-a, and SD are intended to be 
either direct or indirect measures of phytoplankton 
biomass, while AHOD integrates the effects of deposition 
of organic matter in stratifying lakes (Wetzel 2001). The 
downward flux of particulate organic matter, as 
determined with sediment traps, is an alternate, though 
less common, integrating measure of trophic state (Baines 
and Pace 1994, Tartari and Biasci 1997, Bloesch 2004). 
Although each of these trophic state metrics has short-
comings as an indicator of primary production (Carlson 
1977, Wetzel 2001), they are used widely to represent lake 
response to changes in nutrient loading (Chapra 1997, 
Cooke et al. 2005, Robertson et al. 2007). Relationships 
among metrics typically take the form of log–log 
empirical expressions developed with data from many 
lakes. Opportunities to assess their performance for a 
single lake over a wide range of conditions are rare.
This paper documents the response of previously 
culturally hypereutrophic Onondaga Lake, New York, to 
reductions in P loading from a wastewater treatment plant 
based on a time series of summer average values of trophic 
state metrics. The analysis is supported by a robust suite of 
trophic state metrics, based on temporally detailed meas-
urements of TP, Chl-a, SD, DO, and deposition of 
particulate organic matter from long-term (>30 yr) 
monitoring programs. Relationships among the metrics are 
evaluated in the context of widely used empirical relation-
ships. The effects of both bottom-up and top-down drivers 
on contemporary variations in trophic state metrics are 
represented in empirical models. Finally, this case study is 
considered in the context of other rehabilitation initiatives 
directed at the problem of cultural eutrophication. 
Study site
Setting and degraded state
Onondaga Lake is an alkaline, hard water, dimictic lake 
located (43°06′54″N; 76°14′34″W) in Syracuse, New 
York (Fig. 1). The lake has a surface area of 12.0 km2, a 
volume of 131 × 106 m3, a mean depth of 10.9 m, and a 
maximum depth of 20 m. The lake flushes ~4 times per 
year on a completely mixed basis (Doerr et al. 1994). 
Outflow from the lake enters the Seneca River (Fig. 1), 
which flows ultimately to Lake Ontario via the Oswego 
River. Sediment stratigraphy suggests that Onondaga Lake 
was oligomesotrophic before European settlement in the 
late 1700s (Rowell 1996). The lake supported a cold-water 
fishery into the 1890s (Tango and Ringler 1996). 
Inputs of domestic and industrial waste to Onondaga 
Lake caused severe degradation of water quality and loss 
of uses, including swimming and fishing. The lake 
exhibited classical symptoms of extreme cultural eutroph-
ication through the 1990s, including (1) high levels of 
phytoplankton biomass, including severe blooms of cy-
anobacteria (Auer et al. 1990, Effler 1996, Matthews et al. 
2001); (2) low transparency (Effler et al. 2008b); (3) rapid 
loss of DO from the hypolimnion (Matthews and Effler 
2006a); (4) large accumulations of oxygen-demanding 
Fig. 1. Onondaga Lake map and location within New York State.
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reduced byproducts of anaerobic metabolism (e.g., 
hydrogen sulfide, methane) in the hypolimnion (Matthews 
et al. 2008); and (5) severe depletion of DO in the upper 
waters during fall mixing associated with oxidation of the 
reduced byproducts (Effler and Matthews 2008).
A soda ash (Solvay Process) manufacturing facility 
that operated on the western shore of the lake from 1894 
to 1986 caused profound physical, chemical, and 
biological effects (Effler and Matthews 2003). This 
facility used the lake as a source of cooling water and for 
disposal of ionic waste. The industry exacerbated cultural 
eutrophication by (1) altering the stratification regime, (2) 
increasing deposition of phytoplankton, (3) reducing 
zooplankton grazing, and (4) cycling P-enriched hypolim-
netic waters to the upper productive layers of the lake.
Domestic wastewater inputs of P
The Metropolitan Syracuse Wastewater Treatment Plant 
(Metro) has discharged its effluent directly to Onondaga 
Lake since the 1920s (Fig. 1). The average discharge rate 
from Metro (3.0 m3 s−1; 68 MGD) has remained largely 
unchanged over the last 40 years. Accordingly, changes in 
effluent concentrations reflect changes in material loading 
rate from the facility. On average, this discharge 
represented 19% of the total annual inflow to the lake and 
28% during the June–September interval. Primary 
treatment was provided by Metro over the 1960–1978 
interval. A ban on high P content detergents was 
implemented within the service area in 1971 (Murphy 
1973), secondary treatment was provided starting in 1979, 
and tertiary treatment was implemented in 1981. The 
original tertiary treatment process was unusual in that P 
was precipitated by addition of calcium (Ca2+)-enriched 
ionic waste supplied from the soda ash facility. Following 
the closure of this industry in 1986, ferrous sulfate was 
used to precipitate P.
The most recent upgrades in treatment at Metro have 
been guided by total maximum daily load (TMDL) 
analyses for TP (NYSDEC 1998a) and total ammonia 
(T-NH3; NYSDEC 1998b). The problem of cultural eu-
trophication was pursued through reductions in external P 
loading (NYSDEC 1998a), consistent with the P limitation 
paradigm (Schindler 1977, 2006, Sterner 2008). Imple-
mentation of year-round nitrification in 2004 eliminated 
violations of standards to protect against toxic effects of 
ammonia and nitrite (Effler et al. 2010) and caused high 
nitrate (NO3
−-N) concentrations in productive layers of the 
lake (~2 mg L−1). This method was an intentional 
management strategy to maintain high N:P ratios and 
discourage the growth of nuisance N-fixing cyanobacteria. 
Through the late 1990s, this discharge represented ~80% 
of the total effective (i.e., can support phytoplankton 
growth) P load to the lake (Effler et al. 2002). The P-based 
rehabilitation program (NYSDEC 1998a) consisted of 3 
stages, with the following specified progression of TPMetro 
limits: (1) ~550 µg L−1 until 2006, (2) 120 µg L−1 until late 
2012, and (3) 20 µg L−1 thereafter. The in-lake TP goal was 
a summer (Jun–Sep) average epilimnetic concentration 
(TPepi) of 20 µg L
−1 (NYSDEC 1998a), consistent with the 
upper bound of mesotrophy (Vollenweider 1975, Chapra 
and Dobson 1981, Vollenweider 1982, Auer et al. 1986). 
TPMetro increased in 2003 and 2004 during construction 
of the treatment upgrades (Fig. 2a). The second stage P 
limit of 120 µg L−1 was met by 2006 through implementa-
tion of the Actiflo (Veolia Water Technologies) process 
using ferric chloride as a coagulant. The average TP con-
centration during 2006–2011 was 100 µg L−1. The third 
stage limit of 20 µg L−1 is problematic because this 
effluent concentration has yet to be met for a facility the 
size of Metro; however, the contemporary effluent P con-
centration closely approaches this limit when considered 
in the context of P bioavailability (Effler et al. 2012a). The 
revised TMDL for P (NYSDEC 2012) does not require 
additional decreases in TPMetro, in part because of the 
positive lake response achieved to date. The TPMetro limit 
moving forward is 100 µg L−1 as a 12–month rolling 
average. TPMetro and the associated load have been reduced 
by 99% since 1970, including a 90% decrease since the 
late 1980s (Fig. 2a).
Top-down dynamics
Onondaga Lake has experienced 2 noteworthy food web 
variations over the monitoring period with the potential for 
top-down influences on trophic state metrics: (1) intervals 
of high concentrations of large cladocerans (Daphnia; 
Hairston et al. 2005), and (2) the invasion of exotic bivalves 
(dreissenids; Spada et al. 2002). In both cases, dense 
populations can cause major decreases in particle concen-
trations through nonselective filter feeding. Associated 
decreases in Chl-a and the particulate component of TP, 
and increases in SD, are uncoupled from primary 
production (Lampert et al. 1986, Ludyanskiy et al. 1993).
Native Daphnia were eliminated from the lake in the 
1930s due to the high salinity caused by the discharge 
from the soda ash manufacturer (Hairston et al. 2005). 
Daphnia species native to the lake and D. galeata 
mendotae reinvaded the lake after the decrease in salinity 
that resulted from closure of the industry (Siegfried et al. 
1996, Hairston et al. 2005). Dense populations of 
Daphnia developed annually for 1 to 4 week intervals 
over the 1987–2002 period and caused abrupt decreases 
in Chl-a and increases in SD (Effler et al. 2008b). Such 
events are described as the “clear water phase” (CWP; 
Lampert et al. 1986). The increases in SD were particu-
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larly dramatic because concentrations of both phyto-
plankton and nonphytoplankton particles were reduced 
greatly during these events (Effler et al. 2008b). Dense 
populations of Daphnia and the CWP were eliminated 
during the 2003–2007 interval by large populations of the 
planktivorous fish alewife (Alosa pseudoharengus; Wang 
et al. 2010). Daphnia and CWP returned in response to 
decreases in the population of these fish in 2008 and 2009 
but have again been eliminated with the resurgence of the 
alewife population (Onondaga County 2013). The 
potential for large alewife populations has been linked to 
reductions in T-NH3 concentrations (Wang et al. 2010).
Methods
This analysis is based on long-term lake monitoring 
programs conducted by Onondaga County and the Upstate 
Freshwater Institute. Onondaga County collected water 
samples over the April–October interval for the period 
1978–2011 at a deep-water site in the southern basin of 
the lake (Fig. 1). This site is generally representative of 
conditions in the pelagic portion of the lake (Onondaga 
County 2013). Epilimnetic samples for laboratory analysis 
of TP and Chl-a were collected at depths of 0 and 3 m. 
Standard Methods (APHA 1992) were used for determina-
tion of TP (4500-P E.) and Chl-a (10200 H.2). SD meas-
urements were made with a 20 cm black and white 
quadrant disk. Summertime monitoring frequency varied 
over the record for certain metrics. SD and Chl-a were 
monitored biweekly through 1986, at least weekly during 
1987–1992, biweekly during 1993–1997, and weekly 
thereafter. TP was monitored biweekly in 1986, weekly 
during 1987–1990, and biweekly thereafter. Summer 
average (Jun–Sep) epilimnetic (average of 0 and 3 m 
observations) concentrations of TP (TPepi) and Chl-a 
(Chl-aepi), and SD are presented as metrics of trophic state. 
Measurements of DO were made with calibrated probes 
(Yellow Springs Instruments, YSI 6562 and YSI 6150) as 
profiles with a depth resolution of 0.5 to 1 m. The 
frequency of DO measurements was increased (e.g., 
≥weekly) during October starting in 1993 to improve 
resolution of the minimum associated with fall turnover 
(DOmin; Matthews and Effler 2006b).
Measurements of the downward flux of volatile (i.e., 
organic) suspended solids (DFvss) and calculations of 
AHOD are included to provide a more robust representa-
tion of long-term trends in trophic state. These estimates 
are based on sediment trap collections and vertical DO 
profiles conducted weekly. Details of the protocols 
supporting the DFvss and AHOD results are described by 
Hurteau et al. (2010) and Matthews and Effler (2006a), re-
spectively. These fluxes have been updated through 2011 
utilizing the same protocols.
Linear least-squares regression analyses were 
performed for the 1986–2011 period, which corresponds 
to the availability of TPepi data, to evaluate the extent to 
which TPMetro was a driver of long-term trends in trophic 
state metrics. SD was parameterized in the widely adopted 
SD−1 format (Davies-Colley et al. 2003) to reflect the 
Fig. 2. Time-series of summer average values for Onondaga Lake 
for the 1977–2011 period: (a) TPMetro, inset covers the 1970–2010 
period; (b) TPepi; (c) Chl-aepi; (d) Secchi Disk; (e) DFVSS; (f) AHOD; 
and (g) DOmin. Standard deviation limits included for (b), (c), (d), 
and (e). Range limits included for (d). Shading identifies years with 
a clear water phase.
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effects of light attenuating constituents. Multiple linear 
regression models for TPepi and Chl-aepi were developed 
for the post-Actiflo interval (2006–2011), considering 3 
potential drivers of year-to-year variations, TPMetro, 
tributary flow, and Daphnia. The models considered these 
drivers for the summer (Jun–Sep) interval, consistent with 
the specification for the TPepi goal. TPMetro was represented 
as the summer average for each of the years. Tributary 
flow, a surrogate for P loading from the watershed, was 
represented as the summer average for Onondaga Creek 
(QON, m3 s−1), 1 of the 2 dominant tributaries. Flows for the 
other tributaries have been found to be strongly correlated 
to QON (Effler 1996). The effect of Daphnia grazing (D) 
was represented as a categorical variable, either present 
(D = 1) or absent (D = 0). All regression analyses were 
performed in SigmaPlot, v11.0. 
Results
Long-term patterns
Time series of summer average (Jun–Sep) values of the 
trophic state metrics are presented for the 1978–2011 
period (Fig. 2b–g). The earlier portion of the record is 
incomplete for some metrics. Variability within the 
summers is represented by standard deviation values. 
Decreasing trajectories over time were manifested for 
TPepi (Fig. 2b), Chl-aepi (Fig. 2c), SD (Fig. 2d), DFVSS 
(Fig. 2e), and AHOD (Fig. 2f), particularly since the late 
1980s. DOmin increased over the same interval (Fig. 2g). 
The greatest within-year variability was observed for 
Chl-aepi (Fig. 2c) and SD (Fig. 2d) during the portion of 
the record when CWP occurred annually (1987–2002). 
The least definitive long-term pattern was for SD. 
Occurrences of particularly low DOmin values were 
eliminated by 2005 (Fig. 2g). All the trophic state metrics 
demonstrated deterioration during the construction 
interval of 2003–2004, when TPMetro increased (Fig. 2). 
Within-year variations for TPepi (Fig. 2b) and Chl-aepi 
(Fig. 2c) decreased during the latter part of the record. 
Interannual differences in TPMetro explained a 
significant (p < 0.01) portion of the variability observed 
in each of the trophic state metrics (Fig. 3). The strongest 
relationships were observed for TPepi (Fig. 3a; R
2 = 0.77) 
and the 2 integrating metrics, DFvss (Fig. 3d; R
2 = 0.70) 
and AHOD (Fig. 2e; R2 = 0.79). Relationships were 
weaker for the 2 metrics known to be particularly 
influenced by Daphnia grazing, Chl-aepi (Fig. 3b; 
R2 = 0.38) and SD (Fig. 3c; R2 = 0.34). The results of 
these regression analyses suggest that the changes in 
TPMetro over the monitoring period were an important 
driver of long-term patterns in trophic state. Expansion of 
the Chlepi–TPMetro relationship to include years prior to 
1986 depicts reduced responsiveness of phytoplankton 
biomass to higher P loading and an overall nonlinear 
dependency (Fig. 4). A rectangular hyperbolic function 
(Fig. 4) performed better (R2 = 0.63, p < 0.001) than a 
linear relationship (R2 = 0.53, p < 0.001).
Three different intervals within the long-term 
monitoring period have been identified to delineate the 
most salient features of the changes in TPMetro and the 
Fig. 3. Relationships between trophic state metrics and TPMetro for 
the 1986–2011 period, according to linear least-squares regression, 
with best fit, 95% prediction intervals, and performance statistics: 
(a) TPepi, (b) Chl-aepi, (c) SD
−1, (d) DFVSS, and (e) AHOD.
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trophic state metrics. Interval I (1980–1986) corresponds 
to the period before closure of the soda ash facility, when 
TPMetro was highest and Daphnia were absent. Trophic 
state metrics were consistent with hypereutrophy during 
this interval (Table 1). Interval II (1989–2002) was char-
acterized by annual occurrences of the CWP and relatively 
uniform values of TPMetro (average = 440 ± 100 µg L
−1). 
Interval III (2007–2011) follows the establishment of 
lower levels of TPMetro from implementation of Actiflo 
treatment. This interval contains 2 years with a CWP, 
although the effects on Chl-a and SD were less intense 
compared to earlier years (Effler et al. 2012b). These 
intervals have been identified as having reasonably 
uniform trophic state conditions (e.g., quasi-steady states).
Progressive improvements in trophic state are 
indicated for all of these metrics across the 3 intervals 
(Table 1 and 2), although the improvement in the average 
SD from Interval II to Interval III was relatively modest 
and only marginally significant (t-test; p = 0.054). These 
changes indicate a transformation from severe eutrophy 
during Interval I to upper mesotrophy in Interval III. A 
transformation from eutrophy during Interval II to 
mesotrophy during Interval III was indicated by improve-
ments in TPepi and Chl-aepi (Table 1). Average SD during 
Interval II was slightly higher than the level common to 
eutrophy, and AHOD was decidedly greater than the lower 
boundary for eutrophy during Interval III (Table 1). 
Changes in the various trophic state metrics approached 
the 91% decrease in TPMetro achieved over the entire 
monitored period (Table 2), with the greatest deviation for 
AHOD (59%). 
Contemporary dynamics
Values of TPepi varied from 15 (2008) to 41 µg L
−1 (2006) 
over the 6-year interval (2006–2011) following implemen-
tation of Actiflo treatment. The regulatory goal of 
20 µg L−1 was met in 3 (2008, 2009, 2011) of those years. 
The drivers of the contemporary dynamics of trophic state 
metrics and their relative effects are of water quality and 
management interest, particularly given the year-to-year 
differences in the status of the lake related to the goal. 
Empirical models for TPepi and Chl-aepi were developed 
for the 2006–2011 period.
Fig. 4. Relationship between Chl-aepi and TPMetro for the extended 
period of 1978–2011, with a rectangular hyperbola fit and 
performance statistics.
TPMetro
(mg L−1)
TPepi
(µg L−1)
Chl-aepi
(µg L−1)
SD
(m)
DFVSS
(g m−2 d−1)
AHOD
(g m−2 d−1)
Period I 1.05 ± 0.23 — 42 ± 8 0.8 ± 0.1 4.5 ± 0.5 2.1 ± 0.3
Period II 0.44 ± 0.11 64 ± 21 21 ± 8 2.1 ± 0.4 1.7 ± 0.5 1.4 ± 0.3
Period III 0.09 ± 0.02 20 ± 4 7 ± 2 2.6 ± 0.8 1.2 ± 0.1 0.9 ± 0.1
eutrophic — 25–100 9–25 1–2 — 0.4–0.55
mesotrophic — 10–25 3.5–9 2–4 — 0.25–0.4
Table 1. Summer average values and standard deviations of trophic state indicators for Onondaga Lake in Period I (1980–1986), Period II 
(1989–2002), and Period III (2007–2011), compared to ranges for eutrophic and mesotrophic conditions presented by Cooke et al. (2005). 
Percent change
TPMetro TPepi Chl-aepi 1/SD DFVSS AHOD
Period I–Period II −58 — −49 −59 −61 −35
Period II–Period III −79 −68 −68 −20 −29 −37
Period I–Period III −91 — −84 −67 −73 −59
Table 2. Percent changes in summer average values of trophic state indicators for Onondaga Lake from Period I (1980–1986) to Period II 
(1989–2002), Period II to Period III (2007–2011), and Period I to Period III.
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The best-fit multiple regression relationships were:
 
 TPepi = 297.0 (TPMetro) + 5.55 (QON) − 7.37 (D) − 20.53 and (1)
 Chl-aepi = 205.6 (TPMetro) + 2.88 (QON) − 2.53 (D) − 19.80. (2)
These relationships explained 96% of the observed 
variations in TPepi and Chl-aepi (Fig. 5a and 5b). Despite 
the small sample size (n = 6 yr), p values for the TPepi and 
Chl-aepi expressions were 0.056 and 0.054, respectively. 
The p values for the TPMetro, QON, and D components of the 
TPepi model were 0.090, 0.034, and 0.102, respectively; 
for the Chl-aepi model these were 0.046, 0.029, and 0.176. 
Discussion
Internal P loading
Elevated levels of internal P loading from sediments have 
delayed and diminished responses to major reductions in 
external loading in a number of stratifying systems 
(Larsen et al. 1981, Welch et al. 1986, Cullen and Forsberg 
1988, Jeppesen et al. 2005) and in most shallow lakes 
(Cooke et al. 2005); however, this has not been a 
noteworthy issue for Onondaga Lake. A sediment release 
rate of 13 mg m−2 d−1 was reported in the late 1980s that 
corresponded to about 25% of the spring to early fall 
external load (Auer et al. 1993), but only a small fraction 
reached the epilimnion because of limited vertical mixing 
(Wodka et al. 1983).
Reductions in sediment release of P from the pelagic 
sediments and associated upward transport to productive 
layers have occurred over the record (Matthews et al. 
2013). Contributing factors have included (1) reductions 
in P deposition (Effler et al. 2012b), (2) delay in the onset 
of hypolimnetic anoxia (Matthews and Effler 2006a), and 
(3) increases in hypolimnetic NO3
− concentrations from 
the Metro treatment upgrade (Matthews et al. 2013). 
Nitrate has the effect of blocking P release from the 
sediments (Matthews et al. 2013). An in-progress rehabili-
tation initiative directed at abating methylmercury release 
from the sediments, associated with industrial pollution, 
involves further NO3
− addition to the bottom waters. This 
process has essentially eliminated release of both methyl-
mercury and P from the profundal sediments of Onondaga 
Lake (Matthews et al. 2013).
Nutrient limitation, interconsistencies, and top-
down effects
The general linearity of the relationships among trophic 
state metrics and TPMetro (Fig. 3), albeit with substantial 
scatter in some cases, is consistent with progressive 
increases in nutrient limitation as P loads from this point 
source decreased. The contrasting nonlinear dependence 
of Chl-aepi on TPMetro, as a rectangular hyperbolic function 
when the conditions for earlier (<1986) years with much 
higher effluent concentrations were included (Fig. 4), 
suggests nutrient saturated growth prevailed until the late 
1980s. A rectangular hyperbolic function is theoretically 
consistent with Monod kinetics of the P physiology of 
algal growth (Gotham and Rhee 1981) and is the form of 
the dependency commonly integrated into mechanistic 
water quality models (Thomann and Mueller 1987, 
Chapra 1997). Moreover, direct measurements of primary 
production for 4 years over the 1978–2005 period were 
consistent with the rectangular hyperbolic dependence on 
TPMetro (Effler et al. 2008a). Similar asymptotic relation-
ships between Chl-a and TP loading reported from 
multi-lake surveys (Phillips et al. 2008) are usually 
attributed to light limitation caused by self-shading, 
consistent with nutrient saturated conditions.
The limitations of each of the 3 most commonly used 
trophic state metrics, TP, Chl-a, and SD, are well-known 
and long-recognized (Carlson 1977). The Chl-a content per 
unit phytoplankton biomass is known to depend on species 
Fig. 5. Performance of multiple linear regression models in 
describing contemporary (2006–2011) interannual variations in 
trophic state metrics: (a) TPepi, and (b) Chl-aepi.
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composition and ambient conditions (Reynolds 2006), 
features that have varied greatly in Onondaga Lake (Effler 
1996). Nonphytoplankton, particularly inorganic, particles 
contribute to TP (House 1990) and diminish SD (Swift et 
al. 2006), effects that are ubiquitous. The issue is more the 
extent of these interferences on trophic state signatures 
within individual systems. Inorganic particles (e.g., clay 
minerals and calcite) make noteworthy contributions to SD 
(Effler and Peng 2012) and TP (Upstate Freshwater 
Institute, unpublished data) in Onondaga Lake. 
Comparisons of the relationships among metrics of trophic 
state for this case study versus those published in the 
literature (Fig. 6) serve as valuable diagnostics to identify 
these limitations. Moreover, these cross-sectional relation-
ships all demonstrated substantial scatter (Chapra 1997).
The relationship between Chl-aepi and TPepi was 
evaluated in the context of 4 different empirical relation-
ships reported in the literature (Fig. 6a; Table 3). The 
literature expressions and the Onondaga Lake observa-
tions were quite scattered for TPepi >40 µg L
−1 and 
converged at lower concentrations. While the Onondaga 
Lake observations were not well represented by any single 
relationship, most of the values were bounded by these 
literature expressions (Fig. 6a). Years with TPepi levels >40 
µg L−1 and a CWP had lower Chl-aepi values than years 
without CWPs.
The relationship between summer average SD and 
Chl-aepi was evaluated in the context of the relationship 
reported by Rast and Lee (1978; Fig. 6b; Table 3). Years 
without CWPs tracked this relationship well. In sharp 
contrast, SD values for CWP years were systematically 
higher than predicted by this expression (Fig. 6b). The 
observed deviations from the literature relationship were 
driven by the particularly high SD values during the CWP 
events and demonstrate the influence of Daphnia and 
alewife populations on patterns of trophic state metrics for 
Onondaga Lake.
The tendency for higher TPepi relative to Chl-aepi in 
years with the CWP (Fig. 6a) may reflect recycling of the 
phytoplankton-based particulate P, which is consumed by 
Daphnia and excreted as dissolved P (Urabe 1993, Sterner 
and Elser 2002). The greater SD than predicted for the 
corresponding Chl-aepi for CWP years (Fig. 6b) is 
primarily a result of nonselective filtering by Daphnia, 
which efficiently removes both the phytoplankton and 
nonphytoplankton particles that regulate clarity (Effler et 
al. 2008b). Daphnia also altered the signatures of 
improved trophic state in Lake Washington following 
diversion of sewage effluent (Edmondson and Litt 1982). 
A shift in the Daphnia population from inconspicuous to 
the dominant component of the zooplankton of Lake 
Washington caused a doubling in the summertime SD 
beyond the initial improvement following diversion of 
Fig. 6. Relationships between trophic state metrics in Onondaga 
Lake in the context of literature expressions developed from cross-
sectional studies: (a) Chl-aepi vs. TPepi, (b) SD vs. Chl-a, (c) AHOD 
vs. TPepi, and (d) time-series of ∆AHOD (Onondaga AHOD – 
Chapra and Canale AHOD) for the 1978–2010 period.
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municipal effluent (Edmondson and Litt 1982). The 
dramatic increases in SD in Onondaga Lake during the 
CWPs, depicted by the inclusion of the annual range in 
the long-term time series (Fig. 2d), disproportionately 
influenced the average values, shifting them above the 
Rast and Lee (1978) SD–Chl-a relationship (Fig. 6b). 
Application of a mechanistic SD model has demonstrated 
that SD values >3.5 m only occur in Onondaga Lake when 
concentrations of both phytoplankton and nonphytoplank-
ton particles have been dramatically reduced by Daphnia 
grazing (Effler et al. 2008b). No clear signature of the 
top-down effects of the dreissenid population has been 
manifested in trophic state metrics. The present distribu-
tion of dreissenids in the near-shore zone may limit effects 
in the pelagic waters.
Deposition and oxygen resources
The decreases in DFVSS (Fig. 2e) and AHOD (Fig. 2f) and 
the improved DO levels during fall turnover (Fig. 2g) are 
directly linked and conceptually consistent with decreases 
in primary production from increased P limitation. 
However, the early decrease (mid-1980s) in DFVSS 
following closure of the soda ash facility (Fig. 2e) has 
been attributed primarily to reduced coagulation and 
deposition of phytoplankton (Effler et al. 2001). The 
subsequent decreases were in response to the program of 
reductions in external P loading (Hurteau et al. 2010). 
Decreases in the downward fluxes of organic carbon and 
nitrogen over the monitoring record were also consistent 
with the transformation from hypereutrophy to upper 
mesotrophy (Effler et al. 2012b). Some variability in 
DFVSS is to be expected at similar levels of primary 
production from variations in phytoplankton community 
composition (Reynolds 2006) and zooplankton grazing 
(Sarnelle 1999). 
Despite the 59% decrease in AHOD, anoxia continues 
to develop annually in the hypolimnion. Consistent with 
the decrease in AHOD, the onset of hypolimnetic anoxia 
has been delayed from late May to mid-July (Matthews 
and Effler 2006b). The eutrophic rather than mesotrophic 
level of contemporary AHOD values (Mortimer 1942, 
Hutchinson 1957, Cooke et al. 2005) has been attributed 
to decomposition of legacy deposits of labile organic 
matter (Matthews and Effler 2006a, Gelda et al. 2013). 
For example, the gradual character of the decrease in 
AHOD observed following the abrupt reduction in DFvss 
in the mid-1980s (Fig. 2e and 2f) was attributed primarily 
to sediment diagenesis (Matthews and Effler 2006a). 
Further decreases in sediment oxygen demand and AHOD 
have been predicted with a system-specific diagenesis 
model, reflecting the effects of the sediments coming into 
equilibrium with the recent decreases in primary 
production (Gelda et al. 2013).  
The AHOD–TPepi relationship for Onondaga Lake was 
compared to an empirical expression from the literature 
(Chapra and Canale 1991) developed from Rast and Lee’s 
(1978) cross-sectional data. Both the Onondaga Lake ob-
servations and the literature expression depict higher 
AHOD values as TPepi increases (Fig. 6c); however, the 
AHOD values from Onondaga Lake were systematically 
higher than predicted by the empirical relationship. The 
deviations of these observations from that relationship 
(∆AHOD) have progressively diminished over time 
(Fig. 6d), suggesting a potential future convergence.
The important role of sediment diagenesis in the con-
temporary elevated AHOD values and the gradual 
decreases in time are supported by parallel reductions in 
fluxes of methane (CH4) from pelagic sediments 
(Matthews et al. 2005, 2008). The magnitude of AHOD is 
dominated in most lakes by the upward diffusion of oxy-
gen-demanding reduced substances, including CH4, from 
Relationship Type Equation Reference
Chl-a–TP log (Chl-a) = 1.449 log TPs − 1.136 Dillon and Rigler 1974 
log (Chl-a) = 0.76 log TP − 0.259 Rast and Lee 1978
log (Chl-a) = 0.807 log TP − 0.194 Bartsch and Gakstatter 1978
Chl-a = 1.46 log TP − 1.09 Jones and Bachman 1976
where TPs is the concentration in 
spring and TP and Chl-a represent 
summer averages
SD–Chl-a log(SD) = −0.473 log (Chl-a) + 0.803 Rast and Lee 1978
AHOD–TP AHOD = 0.086 TP0.478 Chapra and Canale 1991
Table 3. Empirical relationships for trophic state metrics.
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the sediment (DiToro 2001). The aggregate associated 
oxygen demand is described as sediment oxygen demand 
(SOD, g m−2 d−1). The contribution of CH4 to SOD, and 
thereby AHOD, has been linked to the ongoing decompo-
sition of older (legacy) deposits (Matthews et al. 2008). 
As the least energetically favored of the decomposition 
pathways, methanogenesis is often relegated to the deeper 
sediment. The upper, more recently deposited sediments 
are subject to energetically favored decomposition 
pathways (e.g., oxic, denitrification, sulfate reduction; 
Matthews et al. 2008). This conceptual model was 
supported by the vertical pattern of pore water CH4 con-
centration in Onondaga Lake sediments (subsurface peak) 
and the gradual character of CH4 flux decreases following 
the abrupt reduction in DFVSS in the mid-1980s (Matthews 
et al. 2005). This decreasing CH4 flux pattern (updated 
from Matthews et al. 2008) has been added, in terms of 
the associated oxygen demand, to the ∆AHOD time series 
plot (Fig. 6d). The close match between ∆AHOD and the 
oxygen demand associated with CH4 flux indicates that 
decomposition of legacy deposits is largely responsible 
for Onondaga Lake AHOD values exceeding those 
predicted by the literature expression (Fig. 6c and 6d). 
Moreover, the decreasing trajectory of CH4 and ∆AHOD 
(Fig. 6d) are consistent with mechanistic model 
projections for continuing AHOD decreases in the future 
(Gelda et al. 2013).
Improvements in oxygen resources at fall turnover 
(Fig. 2g) were directly linked to reductions in hypolim-
netic accumulation of reduced substances (CH4 and 
hydrogen sulfide) and the associated oxygen debt satisfied 
during fall turnover (Matthews and Effler 2006b). 
Elevated in-lake T-NH3 concentrations that prevailed 
before extensive nitrification was achieved at Metro 
exacerbated the fall turnover oxygen problem in certain 
years by promoting nitrification events within the lake 
(Effler and Matthews 2008). Reductions in primary 
production from advanced P treatment and in-lake T-NH3 
concentrations from implementation of year-round nitrifi-
cation treatment have together eliminated lake-wide 
oxygen depletion in fall (Fig. 2g). 
Contemporary variability of trophic state metrics
The major improvements in trophic state metrics in 
Onondaga Lake over the last 30 years have been driven by 
decreases in TPMetro (Fig. 2 and 3), consistent with the 
historic dominance of the Metro load. With the decrease in 
the Metro load, other factors now contribute importantly 
to contemporary variability in trophic state. Inclusion of 
tributary flow and Daphnia as predictor variables in the 
empirical models for contemporary conditions reflects this 
change. Tributary P loading rates to Onondaga Lake have 
been observed to increase as runoff increases (Effler et al. 
2009), supporting QON as an appropriate independent 
variable. Lake TP concentrations have been reported to 
decrease as Daphnia populations increase (Shapiro and 
Wright 1984), reflecting efficient removal of P containing 
particles. The lowest TPepi values (15 and 17 µg L
−1) were 
observed in years (2008 and 2009) with Daphnia and the 
CWP. The inverse dependence of Daphnia abundance on 
planktivorous fish populations, as reported for Onondaga 
Lake (Wang et al. 2010), has been reported widely 
(Brooks and Dodson 1965, Carpenter et al. 1987, Rudstam 
et al. 1993, Lathrop et al. 1999). 
The multiple linear regression models for TPepi 
(equation 1) and Chl-aepi (equation 2) for the post-Actiflo 
period represent a basis to preliminarily investigate 
expected variability in these trophic state metrics, ac-
knowledging the uncertainties in these relationships and 
the small population sizes upon which they are based. 
This evaluation is of particular interest for TPepi because of 
the water quality goal of 20 µg L−1 (NYSDEC 2012). The 
models were applied to develop distributions for TPepi and 
Chl-aepi that correspond to cases with and without 
Daphnia. TPMetro was fixed at the average for 2006–2011 
(100 µg L−1), and QON values reflect variability observed 
for the period of record (n = 40 yr). The spread predicted 
within these distributions (Fig. 7) is associated with the 
effects of variations in stream flow (QON). The values of 
QON within the 2006–2011 interval cover a ranking range 
of 2 to 33 (1 being the highest) of the 40-year record. 
Thus, additional uncertainty is associated with application 
of the models beyond the range of observations that 
supported development. Moreover, it could be argued that 
the P loads associated with the stream flows (not available 
for 40 yr) are a preferred driver.
The inclusion of Daphnia as a categorical variable in 
the model is imperfect because it does not allow for 
variations in the magnitude of the CWP, but it is supported 
by the history of Daphnia abundance and related effects in 
the lake. In all years that this efficient filter feeder has 
been present there has been a conspicuous CWP. Daphnia 
and the CWP have been absent in all years with large 
populations of alewife (Wang et al. 2010, Onondaga 
County 2013). Accordingly, the water quality benefits of 
Daphnia populations in this lake depend on the success of 
the alewife, which is subject to abrupt population changes 
in this region (Wang et al. 2010). A first estimate of the 
frequency of successful Daphnia population years under 
contemporary conditions can be obtained by considering 
the record since alewives were believed to be enabled by 
the decrease in T-NH3 concentrations (e.g., starting in 
2000; Matthews et al. 2001, Wang et al. 2010 ). Over that 
12-year period (2000–2011) Daphnia and the CWP 
occurred in 4 years (2000, 2001, 2008, 2009). The use of 
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biomanipulation to gain the benefits of Daphnia annually, 
through targeting reductions in alewife populations, would 
be difficult in this lake given unrestricted access to the 
river and other lacustrine systems.
Broad distributions in TPepi and Chl-aepi predicted with 
the models were driven by variations in QON (Fig. 7). 
Predicted coefficients of variation (CV) ranged from 29 to 
57%. Moreover, these distributions were subject to 
noteworthy shifts based on the presence or absence of 
Daphnia. This application indicates that natural variations 
in QON and Daphnia can contribute importantly to contem-
porary year-to-year differences in trophic state (Fig. 7). 
The predicted variations are large enough to cross the 
mesotrophy–eutrophy boundary on a year-to-year basis. 
The predicted relative variability and noteworthy influence 
from the presence of Daphnia are expected to be repre-
sentative; however, the numeric details of the predictions 
should be considered more uncertain. The predicted 
median values for the no Daphnia case (TPepi = 24 µg L
−1, 
Fig. 7a; Chlepi = 8 µg L
−1, Fig. 7c) are consistent with 
upper mesotrophy (Table 2). These values were predicted 
to decrease by about 30% for the case of Daphnia 
presence (Fig. 7b and 7d), resulting in values well within 
the bounds of mesotrophy. The predictions are expected to 
be generally representative for the case of no further 
management actions, to the extent that future observations 
of QON and Daphnia are similar to historic variations. 
Accordingly, without Daphnia, the 20 µg L−1 goal would 
be met in about 30% of the years. With Daphnia this 
would improve to about 65%. Assuming Daphnia 
occurred in one-third of the years, the goal would be met 
in about 40% of the years. Further management actions 
embedded in the most recent P TMDL (NYSDEC 2012) 
target reductions in tributary loads. If successful, these 
actions would have the effect of systematically shifting 
the distributions to lower concentrations, but the relative 
year-to-year variability in these characteristics would 
likely continue to be substantial.
Context for the Onondaga Lake case study
Cultural eutrophication remains an important and 
challenging contemporary water quality issue that has 
been targeted by an array of management approaches 
(Cooke et al. 2005). The varied responses to rehabilitation 
efforts, particularly control of nutrient loading, have 
received substantial attention in the literature (Edmondson 
and Lehman 1981, Cullen and Forsberg 1988, Cooke et al. 
2005, Jeppesen et al. 2005). Given the varied and often 
unexpected responses, it remains valuable to assess the 
efficacy of such rehabilitation initiatives from the perspec-
tives of both environmental managers and the research 
community. Each initiative represents an opportunity to 
test cause and effect relationships and extend the under-
standing and representation of ecosystem responses.
Multiple features of the Onondaga Lake case study 
make it a particularly valuable addition to the issue of 
lake recovery from cultural eutrophication, including (1) 
the high flushing rate of the lake and its associated rapid 
response to changes in drivers; (2) the magnitude of the 
reduction in P loading; (3) the extended interval of 
progressive reductions in P loading (>35 yr); (4) the 
singular focus on P as a limiting nutrient; (5) the robust 
array of trophic state metrics for which consistent 
signatures of response were resolved; (6) documentation 
of the transition from hypereutrophy to upper 
mesotrophy; (7) clear signatures of the delayed response 
of AHOD associated with the operation of sediment 
diagenesis processes; (8) the inclusion of clear signatures 
from the top-down effects of Daphnia grazing; and (9) 
the demonstrated success of simple empirical models in 
representing contemporary variations associated with 
year-to-year differences in runoff and the effects of 
Daphnia grazing.
Metro, as the dominant source of available P prior to 
the implementation of Actiflo treatment, has appropriately 
been the primary target for reductions in external loading. 
Plans for further loading reductions to achieve additional 
improvements in trophic state for Onondaga Lake appro-
priately focus more on the tributaries (NYSDEC 2012). In 
2009, Onondaga County created the “Save the Rain” 
Fig. 7. Predicted distributions of trophic state metrics for contempo-
rary conditions: (a) TPepi, without Daphnia, (b) TPepi, with Daphnia, 
(c) Chl-aepi, without Daphnia, and (d) Chl-aepi with Daphnia. Median 
values are identified with arrows.
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program, which implements a combination of green and 
gray infrastructure to significantly reduce or eliminate the 
discharge of untreated combined sewage into Onondaga 
Lake and its tributaries. These technologies focus on the 
removal of stormwater from the combined sewer system 
through green infrastructure, combined sewer overflow 
(CSO) storage with conveyance to Metro, and elimination 
of CSO discharge points. While the resulting decreases in 
in-lake TP concentration will be smaller than those 
achieved to date, such decreases could be attended by 
substantial water quality improvements at the lower levels 
of trophic state achieved to date. Ongoing monitoring and 
related research will resolve responses to these 
management initiatives, changes from ongoing sediment 
diagenesis, and variations in food web effects and meteor-
ological drivers. 
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